Increased surface flashover voltage in microfabricated devices 



R. C. Sterling, 1 M. D. Hughes, 1 C. J. Mellor, 2 and W. K. Hensinger 1 

'Department of Physics and Astronomy, University of Sussex, Brighton, BN1 9QH, UK 
2 School of Physics and Astronomy, University of Nottingham, 
University Park, Nottingham, NG7 2RD, UK 

Micro- and nano-fabricated devices have ground breaking impact in many areas of modern tech- 
nology. With the demand for improved performance, the necessity to apply greater electric fields 
and voltages becomes evident. When operating in vacuum, the voltage is typically limited by surface 
flashover forming along the surface of a dielectric. By modifying the fabrication process we have dis- 
covered it is possible to more than double the flashover voltage. Our finding has significant impact 
on the realization of next-generation micro- and nano-fabricated devices and for the fabrication of 
on-chip ion trap arrays for the realization of scalable ion quantum technology. 



Microfabricated devices such as NEMS and 
MEMS operating in vacuum have a multitude of ap- 
plications. These include space application such as 
nanoelectrospray thruster arrays for spacecraft [IH1] 
and spacecraft solar arrays [IHZ] to earth bound ap- 
plications such as field emitter arrays. Most recently 
they have become a crucial tool for the realization of 
new quantum technologies based on ion traps. Ion 
traps have proven themselves to be a powerful tool 
for many experiments in modern science. They ex- 
hibit good isolation from the surrounding environ- 
ment and long coherence times are achievable [5J- 
As a result ion trap experiments have been used to 
explore cavity QED |U [TU] , the measurement of fre- 
quency standards [TT] , quantum simulators [151 IT5] 
and quantum information processing [8j M] [15] . The 
Paul ion trap has been used to demonstrate unparal- 
leled success towards the implementation of the first 
scalable quantum computer, meeting most of the 
requirements for qubit control and extensive work 
is being carried out towards a scalable architecture 
within which to store and control the qubits Hi . 

However there still remain many challenging tech- 
nical issues to address before a fully scalable ion trap 
quantum computer can be built. Not least is build- 
ing an architecture within which thousands of ions 
may be stored, shuttled and manipulated. Recent 
work has focused on using microfabrication tech- 
niques to build ion trap arrays, harnessing the mas- 
sive parallelism and accuracy achievable with mod- 
ern semiconductor fabrication facilities |16j . This 
has lead to many advancements such as state manip- 
ulation from integrated microwave waveguides [17] 
and integrated optical fibers [IB] . Despite these ex- 
citing advances there still remain several fundamen- 
tal problems with microfabricated traps. A small 
ion-electrode separation is inherent to any micro- 
fabricated surface electrode trap geometry due to 
the limited voltages that can typically be applied. 
This leaves the ion susceptible to any uncontrolled 
charges collected on exposed dielectrics. These ef- 
fects will have a slow time dependance and make 



effective long term compensation troublesome. In 
order to minimize exposed regions of dielectric, elec- 
trodes are fabricated with only small gaps, on the or- 
der of several micrometers. Alternatively dielectrics 
can be successfully shielded completely from the ion 
using multi-layered geometries, but again microfab- 
rication considerations limit layer thicknesses to a 
few micrometers. This results in large electric fields 
between electrodes and if proper care is not taken 
electrical breakdown can occur, destroying the chip. 

Additionally the close proximity of the ion to the 
electrode surface induces anomalous heating of the 
ion's motional state, which scales approximately as 
d -4 , where d is the ion-electrode separation [T§] . 
There have been several techniques demonstrated 
recently which manage to suppress the heating rate 
by performing surface cleaning [50] [51] or operat- 
ing at cryogenic temperatures [55], but additional 
improvements can be made by designing traps with 
an increased ion-electrode separation. This also has 
benefits in easing optical alignment across the trap 
surface, reducing unwanted laser scatter from trap 
electrodes and reducing the effect of uncontrolled 
charging of dielectrics and electrodes [23] . 

For these reasons high fidelity operations are more 
difficult with microfabricated ion traps as they cur- 
rently lack the benefits afforded to macroscopic 
traps. It is therefore desirable to find ways in 
which microfabricated ion trap arrays can be opti- 
mized in order to not only to improve their func- 
tionality, as seen in Refs. [I6HI8] [24] . but also 
allow for larger voltages that can be applied so 
that larger ion-electrode distances can be used and 
smaller electrode-electrode spacings are possible. In 
this letter we present a simple method to signifi- 
cantly increase the voltage that can be applied to 
MEMS and microfabricated devices in general and 
on-chip ion trap arrays in particular. By increas- 
ing the maximum voltage before surface flashover 
occurs, traps can be designed with increased ion- 
electrode separations and smaller spacings between 
adjacent electrodes. We first investigate the differ- 
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ence between static and rf breakdown and then show 
how to modify the fabrication process to significantly 
increase the breakdown threshold. 

Electrical breakdown in vacuum, also known as 
surface flashover, is described by secondary elec- 
tron emission avalanche (SEEA) across the dielectric 
surface. Electrons hop across the dielectric surface 
which desorbs gas molecules from the surface lead- 
ing to a Townsend-like breakdown through this gas 
layer [2"51 - f2"T] . This is a function of the amount of des- 
orbed gas per m 2 at the point of flashover, M cr , the 
electron emission and impact energies, Aq and Ai 
respectively, the efficiency of electron stimulated gas 
desorption, 7, molecule ejection velocity, vo, electron 
velocity, v e , which is given by v e — 5.94 x 10 5 y/Ai 
ms _1 [2fij and 8 which is the angle that electrons 
are emitted from the triple point, which is the point 
at which the dielectric, cathode and vacuum meet 
and is given by tan (9 = [2A /(A 1 - A )]? [Ml- The 
flashover voltage is given by [26] 
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where d is the electrode separation, e is the electron 
charge and eo is the permittivity of free space. 

Unfortunately there is only a limited amount of 
information regarding M cr , 7 and vq, with mea- 
surements ranging over several orders of magnitude 
for different experimental setups [25H25] , and A\ is 
only known for a handful of common dielectrics [53] . 
Therefore we will treat tp as a fitting parameter to 
compare between static and rf measurements and 
between different fabrication processes. 

In order to set a base line for surface flashover, test 
samples were fabricated using a common, simple fab- 
rication technique of gold electrodes deposited onto 
quartz. The electrodes were deposited by e-beam 
evaporation, depositing a chromium seed layer fol- 
lowed by a 500 nm layer of gold. Electrodes were pat- 
terned using standard photolithography and formed 
using wet etching. The electrodes were separated 
by gaps from 3 to 15 fim in 2 /im steps. The 
test chips were superglued to a ceramic chip car- 
rier and connections made by wire bonding 30 fxm 
gold wire between the electrodes and chip carrier. 
The chip carrier was attached to a high power vac- 
uum feedthrough and mounted inside a glass belljar. 
The system was evacuated using a turbomolecular 
pump to a pressure of 1 — 8 x 10~ 6 Torr. Static 
voltage was applied by attaching a 5 kV supply to 
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Figure 1: Samples before and after a flashover 
measurement is taken, (a) Picture showing a 
sample with 7 (im electrode spacing before and 
after RF flashover occurred. The insert shows an 

electron microscope image of the damaged 
electrodes, (b) Picture showing a sample with 7 
/jm electrode spacing before and after static 
flashover occurred. 



the feedthrough with an in built voltage divider sup- 
plying a 0-10 V monitor voltage that could be mea- 
sured by a calibrated voltmeter, with an error of ± 
10 mV, resulting in an experimental error of ± 5 
V. RF voltage was applied by attaching a 2 in- 
ductor to the feedthrough forming a resonant LCR 
circuit with the chip, the resonant frequency of the 
inductor-chip circuit was 22.0 ± 0.5 MHz. A 30 W 
amplifier was connected to the inductor via a bidi- 
rectional coupler with a capacitive probe measuring 
the voltage applied to the sample. Breakdown was 
measured by slowly ramping up the voltage while 
observing the sample through a lens, upon flashover 
a bright plasma discharge develops and the voltage 
ramp is stopped. The voltage is then recorded and 
the error of this measurement is ± 7 % for both static 
and rf measurements. 

Figure [l] shows four microscope images of test 
samples. Fig. [ija) shows a 7 ^m gap before and 
after rf surface flashover, the inset shows a elec- 
tron microscope image of the damaged electrodes. 
Figure ljb) shows a 7 /im sample before and after 
static flashover occurred. A significant visual differ- 
ence can be observed. For rf flashover the closest 
edge along the full length of the electrodes has been 
eroded until flashover can no longer be sustained. 
This differs from static breakdown which occurs at 
the sharp edges of the electrodes where the E- field is 
strongest. Upon breakdown there is a sudden reduc- 
tion in impedance and a rapid discharge of capaci- 
tively stored charge. This leads to large portions 
of the electrodes being destroyed during flashover. 
There are a number of mechanisms that may pre- 
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vent such damage for rf fiashovcr. Plasma dissipa- 
tion during the low voltage periods in the oscillation, 
when the electric field switches polarity may limit 
this damage. Another explanation relates to the 
Q-factor of the resonant rf circuit. When flashover 
occurs the resulting resistive component of the LC 
resonator circuit will rapidly lower the Q of the RF 
resonator and may stop the discharge. However once 
the discharge is stopped the Q increases again and 
so flashover re-occurs. 

The results for both static and rf flashover are 
shown in Fig. [2] along with a plot of Equ. [T] using ip 
as a fitting parameter. 

Equation [T] was solved for both the rf and static 
flashover data giving tp r f — 4.62 ± 0.10 x 10 18 eV 
mT 2 and ip dc = 4.88 ± 0.19 x 10 18 eV m~ 2 . This 
represents a difference of « 5 % between rf and static 
fiashovcr voltage showing no significant difference in 
breakdown voltage, despite the visual differences. 

In order to increase the voltage when flashover oc- 
curs we have investigated other dielectric materials 
and discovered it is possible to substantially change 
the voltage at which flashover occurs. Silicon ni- 
tride is a common alternative to silicon dioxide and 
is readily available in microfabrication cleanrooms. 
Using plasma enhanced chemical vapor deposition 
(PECVD) alternating 80 nm thick layers of aSiC>2 
and aSiN were deposited at 250° C in an isothermal 
PECVD reactor (Corial D250) onto a silicon sub- 
strate. The layered structure was formed to test 
bulk breakdown but for surface flashover only the 
top aSiN layer is of interest. The electrodes were 
formed by thermally evaporating a titanium adhe- 
sion layer followed by 200 nm of gold, then using lift- 
off to form the electrode geometry. The Au-nitride 
flashover measurements were performed at electrode 
separations of 5, 10 and 20 /xm with static voltage 
and are shown in Fig. [3j individual measurements 
are shown as empty diamonds with the mean as solid 
diamonds. It is clear that there is a significant in- 
crease in flashover voltage for all the measurements 
performed on aSiN with a <p = 29.2 ± 2.6 x 10 18 eV 
m~ 2 , meaning there is approximately a 2.5 times in- 
crease in flashover voltage for electrodes fabricated 
on aSiN compared to aSiC^- This fit was performed 
only for measurements taken at 5 and 20 /im as there 
is an uncharacteristic dip in flashover voltage at 10 
/im, likely a result of a fabrication mask defect. 

Since the electrodes for the aSiN samples were 
fabricated using a lift-off process we performed fur- 
ther measurements using the same fabrication pro- 
cess but on a quartz wafer in order to confirm that 
the increase in flashover voltage was a result of the 
dielectric material and not because of a change in the 
electrode deposition technique. Five measurements 
were taken between bond pad electrodes separated 
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Figure 2: a) The amplitude of the rf flashover 
voltage data is shown as empty circles, the mean 
flashover voltage is shown as a solid circle. 
Equation [T] is fitted to the data with 
ip rf = 4.62 ± 0.1 x 10 18 eV m" 2 . b) Static flashover 
voltage data is shown as empty squares, the mean 
flashover voltage is shown as solid squares. 
Equation [T] is fitted to the data with 
ip dc = 4.88 ± 0.19 x 10 18 eV m" 2 . c) RF and static 
flashover electric field measurements. The rf mean 
is shown as circles with the static mean as empty 
squares. Equation [l] is plotted for both the rf and 
static voltage measurements, the fit for rf voltage 
measurements is shown as a solid line and the fit 
for static voltage measurements is shown as a 
dashed line. 
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Figure 3: PECVD nitride flashover measurements 

are shown as empty diamonds, the average 
flashover voltage is shown as a solid diamond, with 
a fit using Equ. [T] shown as a dashed line, with ip as 
a fitting parameter. Flashover measurement for the 
Au-quartz samples are shown as solid triangles, 
these are an average of both the rf and static 
measurements, with a fit line shown as a solid line. 
The average of the second set of Au-quartz 
measurements is shown as an empty inverted 
empty triangle and shows good agreement with the 
first set of data. 



by 10 from an ion trap mask. The mean of these 
measurements is shown in Fig. [3] as an empty in- 
verted triangle. It can be seen to agree with the first 
set of measurements, suggesting that there is no sig- 
nificant difference in flashover voltage as a result of 
using lift-off as opposed to wet etching. 

We have demonstrated that by using silicon ni- 
tride instead of silicon dioxide as a dielectric in mi- 
crofabricated devices the flashover voltage in vac- 
uum can be significantly improved. This not only 
has applications for ion trap arrays but also for 



other microfabricated and MEMS devices operating 
in vacuum such as nanoelectrospray thruster arrays 
for spacecraft [IH1] and spacecraft solar arrays [MZ] , 
where high electric fields are desired. Further im- 
provements may also be found by adjusting sample 
preparation prior to testing. <p is a function of not 
only dielectric material but also the density of ad- 
sorbed gas molecules. Processes to lower this density 
may further increase flashover voltage. These results 
offer new opportunities for the improvement of sur- 
face ion trap technology towards scalable architec- 
tures. Our results show that the separation between 
electrodes can be reduced, in principle, by a factor as 
large as 6 by incorporating the findings of our work 
in the fabrication process. This also greatly reduces 
potentially exposed dielectric surface area in ion trap 
arrays. Our results are also very promising for many 
other microfabrication applications such as MEMS, 
NEMS, quantum devices, field emitter arrays and 
space technology. 
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